We propose and utilize ultrashort laser pulses to tailor three-dimensional microstructures and their optical properties.
INTRODUCTION
Since the establishment of the first ruby laser in 1960, light-matter interactions have been a hot topic for 40 years. In the mean time, laser fabrication has grown as a powerful tool for industrial applications'2 such as laser annealing and circuit drawing of semiconductor materials, laser drilling, welding, and cutting, and laser prototyping. More recently the development of high-power laser systems with lower pulse energy but untrashort pulse duration has created an opportunity to acquire fine optical and photonic microstructures. When a femtosecond (fs) laser pulse of proper energy is tightly focused into some transparent media, very localized structural changes, which result in a strongly modified index of refraction, are produced3. Three dimensional (3D) optical memory bits4' and total internal reflection fiber waveguides6 have been written in silica glass. In this paper, we report the fabrication of photonic crystal (PhC) structures by periodically arraying the laserdamaged spots in three spatial dimensions. The validity of this technique has been approved by pronounced photonic band gap effects.
The laser microfabrication methodology has at least three unique merits comparing to the conventional photorefraction technology7 (e.g. the photogenerated change of the refractive index) and semiconductor large-scale integrated circuit (LSI) techniques such as dry and wet etching8. (i) Penetrativitv. Light, different from particle beams, can penetrate into transparent materials to tailor a desired structure from inside materials. The final structure, in principle, doesn't depend on the order of processing. For particle (electron or ion) beam fabrication, the undercutting is a touchy task due to a shadowing effect from the outer part of media. (ii) High spatial resolutions. Since the bandgap width of general transparent dielectrics is larger than the photon energy of the visible and the infrared (IR) laser, electron excitation in materials is from a multiphoton absorption (MPA) process. The probability of MPA depends exponentially on the laser intensity, so under a tightly focusing condition, the absorption is confined at the focal point to a volume of the cubic laser wavelengths. The response of materials to excitation such as the fluorescence or a photoinduced chemical reaction are also localized in this small volume9. The photogenerated spot size3, in a range of several hundreds of nanometers. is much smaller than the optical diffraction limit of the fabricating laser. (iii) Extensitv. No photosensitive materials are required and a variety of transparent media such as glasses, crystals, and plastics are suitable as matrix materials, while the induced refractive index contrast is much larger than that acquired by the photorefraction.
Picosecond and longer laser pulses don't serve such a purpose from two aspects: (i) Material response to the longer pulses is a thermal process (see later in §2.2), the local material modification doesn't give a strong enough contrast of the refractive index. In addition, with longer pulses, e.g., hundreds of picosecond duration, the resulting structures are irregularly shaped', and cracks appear in the bulk of medium even at energies only slightly above the laser-induced damaging threshold (LIDT). (ii) Self-focusing effect becomes pronounced with an increased pulse width". A filament-like damaging trace causes a severe inter-contamination between the nearest-neighbored spots. On the other hand, recent experiment observations in the short-pulse regime (<ps) suggest that the group-velocity dispersion (GVD) becomes increasingly important and that, therefore, ultrashort pulses resists the self focusing'2. Numerical studies'4 of the selffocusing of femtosecond laser pulses in a normally dispersive medium show the self-focusing threshold was increased much higher than that for damaging. The laser microfabrication was managed at an energy level of several times of LIDT, free of self-focusing. Free carrier recombination'3 also plays an important role in the relaxation process. In a radiative recombination process, an electron and a hole of the identical wave vector recombine emitting a photon with their energy difference. This process lowers both energy and density of free carriers, taking place in a timescale of nanosecond. The non-radiative recombination is an inverse of the impact ionization process: an electron and a hole recombine transferring momentum and energy to a third carrier. This three-body process is important mainly at the high carrier density, N, and its probability is proportional to N .
Laser.Induced Microexplosion
In § 2.1. we have given some general descriptions on the optical excitation and relaxation of carriers. For microfabrication, we are concerned much more on the properties and applications of the damage induced by irradiation.
Since the discovery in the 1970's that semiconductor can be annealed by laser irradiation, two models" have been proposed to interpret the structural changes resulting from the laser excitation. One, known as thermal model", describes the structural changes as a thermal melting process. It assumes that the hot electrons rapidly equilibrate with the lattice through the phonon emission. With this assumption, the laser energy deposited in materials can be treated as though it is instantly converted to heat. If the excitation is strong enough, the irradiated region of the sample will be heated up to melting temperature and undergo a phase transition to the liquid phase. For nanosecond and picosecond pulse irradiation, the processes including heating of solid, thermal diffusion, melting, motion of the interface boundary and recrystallization has been well confirmed. Another model, known as plasma model'4, ascribes to a slow rate of phonon emission by the excited electronic system compared to the energy deposition time, i.e., the laser pulse duration. According to this model, the 10000 300 400 500 600 700.
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Laser Pulse Energy QiJ) Fig.2 Linear dependence power law of the PL intensity on the fabricating laser pulse energy. Before irradiation, no any PL features were detected in vitreous silica samples. Three PL bands at 1 .9 (s). 2.7 () and 4.4 eV (a). respectively, emerged after irradiation, which were related with different species of the laser-induced point defects. The inset is the PL spectrum of the irradiated sample excited by 5.0 eV photons. Since the excitation was from a Xenon lamp. the PL intensity depended linearly on the defect density (band a was taken as the index in this figure) . For proving the linear absorption of photon by excited electrons as discussed in the text, it is necessary to assume that the photogenerated defect density was proportional to the photon number absorbed by the material, structural change is driven directly by the excited electronic system. If high enough fraction of the valence electrons are excited from the valence band to the conduction band, the crystal becomes unstable, and a structural phase transition occurs.
Such a model has been accepted for the femtosecond laser excitation through numerous experimental and simulation.
With the fs laser excitation, the initial electrons are excited across the bandgap through MPA, then they acquire excess kinetics through a sequential linear absorption [ Fig. I (a) ] and then scatter off other electrons exciting them across the bandgap by impact ionization [ Fig. 1(b) ]. The newly generated electrons can then undergo the similar linear absorption. and this process continues as an avalanche. For SiO,, the difference of bandgap width and photon energy demands a MPA process for the excitation, and the ensuing linear absorption is critical for the launch of an avalanche, which can be approved by monitoring the intensity of photoluminescence (PL) emitted by defects in damaged materials (Fig. 2) , provided that the defect density is proportional to the irradiated laser intensity.
The electrons are ionized and heated faster than they transfer their excess energy to the lattice. Therefore hot plasma is formed before the lattice is significantly heated. The highly excited and tightly localized plasma will expand in an explosive way, generating a hole surrounded with a more densified phase. Fig. 3 shows optical microscopic images of spots irradiated in v-silica and PMMA.
(a) high NA, the laser was focused from a cone shape with a large solid angle. In a birefringent crystal, the focusing will be spread and deformed. Therefore optically isotropic crystals, amorphous materials, and polymers are much favorable. (iv)
Wide bandgap. This is commonly guaranteed by transparency condition as specified in (i), however, we want to emphasize that the MPA process is an effective way to confine the modified region, as discussed in §2.2. An negative example is As2S3 (Eu:-2.0 eV) irradiated by a single shot laser pulse at 400 nm (3.1 eV), where a strong surface absorption even prohibits any focusing into the bulk.
In addition to the choice of materials, technology parameters such as far-field pattern, pulse-to-pulse energy stability of fabricating laser output, NA and magnification of objective lens, accuracy of movement of piezoelectric translator (PZT)
are critical for a successful fabrication. These affects will be mentioned in the following paragraphs. 
A Characterization of Primitive Elements of Crystals
When a single-shot laser pulse with appropriate energy was focused into transparent solids, a nearly empty void was generated. The refractive index contrast between the core region and matrix offered a modulation of light field. Therefore the occurrence of the void and its size was critical for any applications. A clear evidence for the existence of the voids was acquired by an atomic force microscopic (AFM) measurement. The vitreous silica sample was polished until the surface level reached the fabricated layer then scanned by an AFM. Shown in Fig. 4 (a) is a 2.5X 2.5 im2 AFM image of spots that irradiated by single pulse shots.
Formation of a void must be accompanied by material compaction at the surrounding region, which would be presented as a dense crust. The refractive index would be increased in such a compacted layer since the mass-density, By using a large NA objective lens, near-spherical voids can be obtained and the high reproducibility of their shape was favored by the stability (±3%) of the laser pulse output.
Intuitively the holes resembled the atoms in Thomson atom model, and therefore we call these structures inlayed-"atom "-like PhCs.
Since a laser can penetrate the medium without damaging surface region and the microexplosion occurs only Different photonic lattices were realized just by varying computer-aided design (CAD) program. As an example, one
( 1 1 1 ) plane of fcc-lattice PhC is shown in Fig. 6 (a) . The entire crystal was created through layer-by-layer stacking ( I 1 1) planes. As shown in Fig. 7(b) , the grating pitch is 0.8 jim, which corresponds to a transmission wavelength of approximately 2.5 .tm. Even the smallest lattice constant we achieved up to now, i.e., 0.6 .tm, put its transmission center to about I .8 tim, which excludes the possibility to characterize this grating structure using general techniques applied to long wavelength JR LED or LD such as InGaAsP quantum-well lasers. Further configuration of measurement devices is still undergoing.
By stacking the grating planes as shown in Fig. 7 (b) . a variation of 2D and 3D photonic lattices consisting of cylinders can be acquired. A direct application to 3D is so-called layer-by-layer'7 structure by in-plane turning every other layer grating plane by an fixed angle, e.g. 900 then offset the nearest layers with the same orientation by half a period. As an fabrication example, we present here the results from a 2D triangular lattice as shown in Fig. 8(a) , which had been theoretically and experimentally shown to be the best geometry for achieving a full in-plane band gap for both E-(electric field parallel to the cylinder axis) and H-(magnetic field parallel to the cylinder axis) polarizations.
The cylinders were confirmed to be hollow by an AFM measurement. The fabricated structure was observed using optical microscope from both the top and the side. For the side viewing, the glass plate was broken and end facet was a little The almost round cross section ofthe air rod was favored by the utilization oflarge NA ofobjective lens (NA 1.35).
Typical transmission characteristics of the PhC structures with both polarizations are shown in Fig. 8 (c) . To recognize the bandgap feature, the spectra were normalized by the transmission of randomly irradiated samples. An approximately 10% transmission dip for H-polarization occurred at a wavenumber of 4100 cm', while that for E-polarization was much less pronounced at 4000 cm'. A perfect air rod structure with refractive index difference of I .45
permits almost a full bandgap, i.e., light propagation is forbidden in all direction (in-plane for the 2D periodic lattice) if a sufficient filling ratio was offered. However, the diameter of the cylinder was smaller than necessary, while reducing the line spacing or increasing the rod diameter (by increasing the laser power) would lead to a distortion of cylinders.
Series of angle-dependent transmission spectra will give much more information on the photonic band structures. A rough measurement indicates that (i) the first Brillouin zone band of r-x is broader for H-than that for E-polarization, while the opposite is true for r-J gaps.
(ii) T-J gaps were at shorter wavelength than corresponding T-X gaps. What is noteworthy is that the band gap effects for H-polarization was always observed to be stronger than E-polarization. This
showed that H-polarization (or TE modes) was favored in a lattice of isolated low-n regions, consistent with the theoretical expectation19. closely relevant to the periodicity of the structures. should be mentioned. The spectra of fs laser pulse, due to uncertainty principle, are commonly broad, for example, I 0 nm of FWHM in our case. A dispersion of the refractive index will degrade the focusing. An objective lens designed to compensate the aberration for a specified wavelength would solve this problem. In addition, random light scattering in fabricated PhC structures attenuates the propagating light power very much. Although it can be partly solved by hightemperature annealing of samples. further measures are evidently necessary for the application of the PhC, for example, as integrated-micro-optical waveguide.
